Meconium aspiration and birth asphyxia are both separately connected to significant pulmonary and systemic hemodynamic changes in newborns, but, although these insults frequently coexist, their combined effects on the neonatal circulation are still controversial. To determine the pulmonary and systemic circulatory changes induced by pulmonary meconium contamination with concurrent asphyxia, 41 anesthetized and ventilated newborn piglets (10 -12 d) were studied for 6 h. Eleven piglets were instilled with a bolus of human meconium intratracheally, and 10 piglets had meconium instillation with immediate induction of an asphyxic insult. Eight piglets had only asphyxia and 12 ventilated piglets served as controls. Meconium instillation (with and without asphyxia) resulted in a sustained decrease in the oxygenation, which remained, however, on the control level in the asphyxic group. Although meconium insufflation (with and without asphyxia) increased pulmonary artery pressure and vascular resistance progressively during the study period, the meconium-induced hypertensive effect was actually diminished by additional asphyxia. Asphyxia alone did not have any effect on these pulmonary hemodynamic parameters. On the other hand, whereas systemic arterial pressure and vascular resistance remained on the control level after meconium instillation alone, asphyxia (with and without pulmonary meconium insult) resulted in a sustained fall in systemic pressure already by 4 h. Our data thus indicate that although the coexisting asphyxia seems to moderate the meconium aspiration-induced pulmonary hypertensive response, this additional asphyxic insult does not affect the associated hypoxemia, but rather significantly exacerbates systemic hypotension. Abbreviations CO, cardiac output CVP, central venous pressure HR, heart rate MABP, mean arterial blood pressure MAS, meconium aspiration syndrome MPAP, mean pulmonary artery pressure PVR, pulmonary vascular resistance PWP, pulmonary wedge pressure SVR, systemic vascular resistance Aspiration of meconium-stained amniotic fluid frequently produces a severe respiratory failure in term and postterm infants. The clinical MAS has high morbidity and mortality, often linked with the presence of pulmonary hypertension (1-5). The pathophysiology and predisposing factors of the pulmonary hypertensive reaction in MAS are, however, complex and poorly defined. Although abnormal pulmonary arteriolar hypertrophy resulting from intrauterine hypoxia is supposed to play an etiologic role in some fatal cases of hypertensive MAS (6), experimental data indicate that acute intrapulmonary meconium contamination per se is able to cause, in a concentration-dependent manner, progressive pulmonary hypertensive response (2, 7). Alike, there are clinical data suggesting that meconium aspiration and its associated complications, rather than the structural vascular changes, are primarily responsible for the elevated pulmonary vasomotor tone and hypoxemic respiratory failure in newborns (8, 9). Because eventual disturbances in cardiac function may additionally cause progressive clinical deterioration of the affected infants, the hemodynamic manifestations in complicated MAS need to be better defined (9).
Aspiration of meconium-stained amniotic fluid frequently produces a severe respiratory failure in term and postterm infants. The clinical MAS has high morbidity and mortality, often linked with the presence of pulmonary hypertension (1) (2) (3) (4) (5) . The pathophysiology and predisposing factors of the pulmonary hypertensive reaction in MAS are, however, complex and poorly defined. Although abnormal pulmonary arteriolar hypertrophy resulting from intrauterine hypoxia is supposed to play an etiologic role in some fatal cases of hypertensive MAS (6) , experimental data indicate that acute intrapulmonary meconium contamination per se is able to cause, in a concentration-dependent manner, progressive pulmonary hypertensive response (2, 7) . Alike, there are clinical data suggesting that meconium aspiration and its associated complications, rather than the structural vascular changes, are primarily responsible for the elevated pulmonary vasomotor tone and hypoxemic respiratory failure in newborns (8, 9) . Because eventual disturbances in cardiac function may additionally cause progressive clinical deterioration of the affected infants, the hemodynamic manifestations in complicated MAS need to be better defined (9) .
Similar to severe MAS, birth asphyxia is a further important cause of neonatal morbidity and mortality (10) . Severe perinatal asphyxia has been additionally related to neonatal MAS with critical respiratory failure and pulmonary hypertension, Study protocol. After instrumentation, the piglets were stabilized for 1 h before the baseline measurements. To evaluate the hemodynamic effects of meconium aspiration, 21 piglets were instilled with a bolus (3 mL/kg) of human meconium (65 mg meconium/mL saline) through the endotracheal tube. The meconium was obtained from the first stools of several healthy term human infants. It was then pooled, lyophilized, and irradiated and, before the experiment, diluted with sterile saline. Seven piglets with a same amount of sterile saline administration served as controls to meconium instillation. To define the hemodynamic effects of asphyxia 18 piglets, including 10 with previous meconium instillation, were studied. The asphyxic insult was originally induced by discontinuing the ventilatory assistance until the MABP fell Ͼ40% from the baseline level or HR dropped to 70 beats per minute. However, because our preliminary studies showed that the fall in HR did not have a significant effect on pulmonary or systemic hemodynamics, we selected to study only the asphyxic insult based on pressure change (n ϭ 5). Five ventilated piglets without any insult served as controls to asphyxia. Because the hemodynamic data of the saline-instilled and ventilated control piglets without any insult did not differ from each other, the results are presented combined (n ϭ 12).
The piglets were hemodynamically monitored and arterial blood samples for blood gas analysis were taken at baseline, 15 and 30 min, and 1, 2, 3, 4, 5, and 6 h after the insults. In addition, during asphyxia, repeated blood gas analyses were done. Blood glucose concentration was measured at baseline and every hour thereafter. To maintain the PaO 2 between 10 and 14 kPa and the PaCO 2 between 4 and 6 kPa, supplemental oxygen was given and the frequency of the ventilator was adjusted if necessary. All piglets received initially 10 mL/kg of isotonic sodium chloride solution (Ringer acetate) during the stabilization period. During the rest of the study, the piglets Figure 1 . Percentile changes in the PaO 2 /FiO 2 ratio from baseline (BL) in newborn piglets during 6 h after meconium instillation (MA, n ϭ 11), meconium instillation followed by asphyxia (MA/asph, n ϭ 10), asphyxia alone (Asph, n ϭ 5), and controls (n ϭ 12). Mean (SEM). MA and MA/asph groups are significantly different (p Ͻ 0.05) (repeated measures ANOVA with the mixed procedure) from asphyxia and control groups during the whole study period.
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were continuously infused with a 5% glucose solution at a rate of 12 mL/h. At the end of the experiment, the piglets were killed with an overdose of potassium chloride.
Statistical analysis. Statistical analysis was performed with the SAS statistical software (version 8.01; SAS Institute, Cary, NC, U.S.A.). The differences between the groups over time and separately at each time point were analyzed with repeated measures ANOVA using the mixed procedure. A p value Ͻ 0.05 was considered statistically significant. The results are expressed as mean (SD).
RESULTS
The average duration of asphyxia in the piglets with concurrent meconium administration was 5 min, 41 s (2 min, 33 s, SD) and in the group with isolated asphyxia 6 min, 7 s (58 s). During the asphyxic insult, MABP dropped in the former group an average 45% (7%) and in the latter group 44% (3%). The arterial pH, PaO 2 , and PaCO 2 were similar at baseline in the asphyxia groups with and without preceding meconium instillation, and during the acute asphyxia dropped similarly to a mean pH of 6.90 (0.09) and 6.80 (0.07), a mean PaO 2 of 1.4 kPa (0.3) and 1.7 kPa (0.7), and a mean simultaneous rise of PaCO 2 to 16.6 kPa (3.6) and 16.2 kPa (1.8), respectively. In the follow-up, no differences in the pH values between the groups were found. Meconium administration with and without acute asphyxia resulted in an acute and sustained decline in arterial oxygenation, indicated by a decreased ratio of PaO 2 /FiO 2 ( Fig.  1) . In contrast, asphyxia alone did not alter the PaO 2 /FiO 2 level (Fig. 1) . Likewise, during the first hours after meconium instillation with and without asphyxia, arterial PaCO 2 was higher than in the controls and asphyxic group, whereas asphyxia alone did not affect these values (data not shown). (1) 3 (1) 4 (2) 4 (2) 3 (1) 3 (1) 3 (1) 3 (1) 
MA 71 (11) 77 (15) 77 (14) 77 (15) 80 (11) 79 (9) 70 (9) 64 (7) (13) 69 (5) 77 (6) 83 (10) 75 (9) 63 (3) 59 (8) 53 (12) Control 68 (13) 73 (11) 75 (14) 77 (13) 77 (15) 73 (14) 71 (13) 68 (14) 63 (17) Blood glucose concentrations were similar in all groups throughout the experiment, except a momentary increase (ϩ27% at 1 h) after the asphyxic meconium insult (data not shown).
The absolute hemodynamic data in the different groups are presented in Table 1 . Similar to previous findings from our laboratory (2), there was a progressive rise in MPAP after meconium instillation, being maximal (80% from the baseline value) at 5 h (Fig. 2) . Whereas asphyxia alone did not change MPAP, its combination to meconium instillation resulted in a progressive rise in MPAP, but the increase reached a significantly lower mean level than after isolated meconium insufflation (48% versus 73% at 4 h and 50% versus 80% at 5 h, respectively) (Fig. 2) . Although asphyxia, similar to controls, increased the PVR to some extent during the experiment, there was a similarly exaggerated increase in PVR after meconium instillation with and without additional asphyxia (Fig. 2) .
Whereas MABP after meconium instillation did not differ from the control values, combination of the meconium insult with asphyxia led, similar to isolated asphyxia, to a fall in MABP already at 4 h (Fig. 3) . Although SVR after asphyxia alone was initially higher, and CO simultaneously lower (data not shown), when compared with meconium administration with and without asphyxia, there were no further differences in CO or SVR between the study groups (Fig. 3) . Consequently, the ratio of PVR to SVR was elevated from 2 h onward after meconium insult with and without asphyxia (Fig. 4 ). An initial rise in HR (18% at 1 h) was further found after asphyxia combined to meconium insult, but no other differences were found in HR between the groups (data not shown). CVP was similar in all study groups (data not shown).
DISCUSSION
The present data indicate that acute asphyxia, when connected to meconium-induced parenchymal disease in newborn piglet lungs, does not potentiate the pulmonary hypertensive response or the level of arterial hypoxemia, but rather diminishes the pulmonary pressure level in the meconiumcontaminated lungs. At the same time, however, asphyxia seems to be mainly responsible for the accelerated fall in systemic arterial pressure after a combined insult. Although we describe here only the early phase after the insults, intrapulmonary thick meconium, used in this study, is shown to induce significant pulmonary circulatory and inflammatory reactions already within that time period (2, 4) . Furthermore, it has been reported earlier that the respiratory failure in asphyxic term infants with or without MAS reaches a peak during the first 8 h of life (10) . Consequently, because piglet pulmonary vascular reactivity and morphology is similar to that in the human (17) , the present results may be expected to adequately reflect hemodynamic changes in newborn infants with acute meconium aspiration and concomitant asphyxia. Nevertheless, because ductus arteriosus is shown to be functionally closed in the piglets at the age of 10 d (2), these observations are valid only for situation with no extrapulmonary ductal shunting.
The early pulmonary hemodynamic adaptation in asphyxic newborns with a progressing parenchymal lung disease, the main focus of our present study, is reported to be severely affected (10) , but the interplay of these acute insults in the development of the circulatory perturbations has remained controversial (1, 11) . In clinical surveys, the frequently evolving pulmonary hypertension in infants with severe MAS is commonly, but not always (8) , related to the occurrence of fetal distress and pulmonary vascular structural and functional changes (3, 12, 18) . On the other hand, corroborating the present results, experimental works have shown that meconium instillation into the newborn lungs is able to produce significant pulmonary hypertensive reaction and severe oxygenation disturbances already within a few hours after the insult (2, 7) . Whereas, as also evident from our data, acute asphyxia in newborns alone is not connected to a significant or sustained pulmonary hypertensive response, its combination with a parenchymal lung disease like MAS has been proposed to result in intense pulmonary hypertension in newborn infants (10) . Our experimental data, however, indicate that this early rise in pulmonary vasomotor tone in meconium-contaminated neonatal lungs is not potentiated but rather moderated by additional asphyxia. A similar pressure-moderating trend was also described in meconium-contaminated lungs of newborn baboons that further showed, in contrast to our piglets, some improvement in oxygenation after concurrent asphyxia (19) . The mechanisms of this modifying effect of concomitant asphyxia on pulmonary vascular tone remain uncertain, but alterations in pulmonary vasoreactivity, rather than the effect of hypoxemia or acidosis per se, may explain this finding. Because even profound perinatal asphyxia may not affect the ability of the newborn lungs to shunt blood from the atelectatic areas, as may be created by meconium obstruction (20) , this modulation of the pulmonary vasomotor activity likely occurs in the nonobstructed areas of the affected lungs.
Progressive increase in PVR without a parenchymal lung disease is shown to result in a significant fall in systemic arterial pressure in adults and newborns, apparently through decreased left ventricular output (21, 22) . Our present and earlier findings however indicate that the vascular hypertensive response in meconium-contaminated newborn lungs is not connected with significant changes in cardiac output or systemic arterial pressure (2, 23) . Nevertheless, an exaggerated fall in systemic vascular pressure was observed when severe asphyxia was associated with the pulmonary hypertensive meconium insult. Because the same hypotensive effect was also seen after acute asphyxia without a parenchymal hypertensive lung disease, the fall of systemic arterial pressure in our piglets was unlikely caused by markedly compromised cardiac function resulting from reduced pulmonary perfusion. Our data are in contrast to an earlier report in newborn baboons suggesting no significant systemic hemodynamic effects after a combination of meconium and asphyxic insult, but different species and setup may have influenced the results (19) . However, because we monitored only the right ventricular output, we cannot totally exclude the adverse effect of the profound asphyxic episode itself on the left ventricular function, proposed to be an important contributing factor to the neonatal respiratory failure (11) . Consequently, asphyxia combined with a parenchymal lung disease may through hypoxemia and systemic hypotension further impair the organ function in the newborns, including cerebral vasoreactivity, and thereby place especially the brain at high risk for extension of injury (24, 25) .
The intensity of the pulmonary artery hypertension and its attendant hypoxemia in the compromised newborn infants reflect well the severity of the respiratory failure and are, in their most severe forms, often refractory to various modes of treatment (12, 14, 26) . Diverse therapeutic approaches acting on the pulmonary and systemic vasomotor tone may additionally complicate the circulatory morbidity and may be deleterious to the injured tissues (9, 12, 14, 26) . Consequently, excessive oxygen administration may through free radical production potentiate the effects of the initial insults, especially in the lung and brain (25) . In line with earlier works (27) , our circulatory data suggest that restricted oxygen use after acute asphyxia may be sufficient, whereas simultaneously initiated pulmonary hypertension may signal need for higher therapeutic oxygen concentrations. Although oxygen administration may not prevent the appearance of early systemic hypotension in a combined insult, hypoxemic pulmonary hypertension is supposed to protects the newborn organs against oxidative injury during resuscitative efforts after birth asphyxia (28) . Thus, Figure 4 . Percentile changes in the PVR/SVR ratio from baseline (BL) in newborn piglets during 6 h after meconium instillation (MA, n ϭ 11), meconium instillation followed by asphyxia (MA/asph, n ϭ 10), asphyxia alone (Asph, n ϭ 5,) and controls (n ϭ 12). Mean (SD). £p Ͻ 0.05 vs controls and asphyxia alone;
$ p Ͻ 0.05 vs meconium instillation combined with asphyxia.
HEMODYNAMICS IN MAS WITH ASPHYXIA
inasmuch as monitoring of the central hemodynamics may adequately reflect the newborn organ function and outcome, they should be taken into account in the management of compromised infants.
CONCLUSION
In conclusion, the present experimental data demonstrate that after a combined insult of meconium aspiration and acute asphyxia, the parenchymal lung disease is mainly responsible for the pulmonary dysfunction, in terms of changes in hemodynamics and oxygenation, whereas the acute asphyxic episode may potentiate the systemic hemodynamic perturbations. It is thus conceivable that the severe circulatory deteriorations induced by these two insults in combination may potentially have adverse effects on the function of multiple organ systems of the newborns and should be accordingly recognized in the therapeutic approaches of compromised infants.
